Nutrient cycling in semi-arid woodlands is likely to be influenced by patchy vegetation, wildfire and the supply of easily available organic C, e.g. root exudates. The study assessed the effect of wildfire and vegetation patch on response of microbial activity to labile C addition in soil from a semi-arid Eucalyptus woodland. Two sites were studied: one unburnt and the other exposed to wildfire four-month before sampling. Top soil (0 -30 cm) from under trees, under shrubs or in open areas from each site was air-dried and sieved to < 2 mm. The soils were incubated at 80% of maximum water holding capacity for 24 days without or with addition of 5 g C kg 
Introduction
Semi-arid woodlands are characterised by vegetation patches, often created by single plants, surrounded by open areas with sparse or no vegetation (Tongway and Ludwig 1994) . Consequently, microclimate and soil properties, as well as quantity and quality of plant residues entering the soil vary among vegetation patches and between patches and open areas (e.g., Sardans and Peñuelas 2013) . These variables also strongly influence organic C content, microbial activity and growth (Gallardo and Schlesinger 1992) . Therefore semi-arid woodlands and other semi-arid vegetation types are not only characterised by patchy vegetation, but also by hotspots of microbial activity (Goberna et al., 2007) .
In southern Australia, large semi-arid areas on predominantly sandy soils are covered by mallee vegetation that consists of patches of Eucalyptus spp. or spi-
nifex (Triodia basedowii) interspersed by open areas.
Increased length and severity of drought or infrequent rainfall events are likely to increase risk of wildfire in dry regions (IPCC 2014) . Fire effects increase with fire severity, which is positively correlated with fuel load (Wright and Clarke 2008) . Fuel load and therefore fire intensity are likely to be highly spatially variable in the patchy semi-arid woodlands. The direct consequences of fire are loss of foliage and organic matter aboveground and in the top few centimetres of the soil (e.g. Certini 2005 ) and may also influence other soil properties such as nutrient availability (e.g., nitrogen (Wan et al., 2001) ). The effect of fire on biological soil properties has been studied in the past, but mainly in temperate and Mediterranean regions with higher annual rainfall than in the semi-arid woodlands in southern Australia (e.g., Boerner et al., 2008) . In these studies, fire altered soil microbial community composition, enzyme and soil respiration. However, it remains unclear if fire effects differ among patches with distinct differences in the amount of litter and standing biomass, as typical in semi-arid woodlands. A better understanding of the effect of fire is important because in southeastern Australia and other semi-arid areas around the world, wildfire frequency and intensity are predicted to increase in a future drier climate (Head et al., 2014) .
Recently, we reported that the impact wildfire and drying-rewetting (DRW) events on nutrient cycling differ among vegetation patches of a native semiarid woodland which is related to organic matter amount and availability (Sun et al., 2015) .
Many Australian native plants from these areas are adapted to fire and regrow after fire, e.g. from lignotubers of eucalyptus species (Clarke et al., 2015) .
Root growth and exudation will be initially reduced by burning, but are likely to resume after regrowth of eucalyptus and native grasses. Root exudates are an important source of available C for soil microbes (Bertin et al., 2003) . A large proportion of soil organic matter has a complex composition and often low accessibility due to binding to soil particles and occlusion within aggregates (Baldock 2007) . Therefore availability of soil organic matter to soil microbes is limited, which explains the increase in soil respiration after the addition of labile C (Hoyle et al., 2008) . We suggest that the increase in soil respiration and microbial biomass induced by labile C is related to native organic C availability, being greater if native organic matter availability is low compared to a soil with higher availability of native organic matter. The aims of this experiment were to (i) assess the effect of wildfire in the patchy vegetation of the semi-arid woodland on soil properties, and (ii) determine the response of soil respiration and microbial biomass C to addition of labile organic C. The first hypothesis is that the effect of a recent wildfire on the soil organic matter, nutrient availability, microbial biomass and activity differs among patches, and is greater under trees compared Sun et al. to soil under shrubs or in open areas. This is based on the assumption that fire intensity is greater under trees because organic matter content and therefore fuel load are greater than under shrubs and in open areas. The second hypothesis is that the increase in soil respiration after addition of labile C (glucose) is greater in soils with low native organic matter content or availability.
Materials and Methods

Study site and soil sampling
The study site and soil sampling are as described in Sun et al., (2015) . The study site was a semi-arid woodland on Calperum Station, located adjacent to the River that approximately 25% of the area is under eucalypt tree canopies and 25% covered by spinifex (Sun et al., 2016) . The sandy soil (2% clay, 5% silt and 93% sand, at 0-30 cm depth) has a bulk density of ~1.6 g cm -3 .
After about two weeks of daytime temperatures of > 35 °C, an extensive area of the semi-arid woodland was burnt from 15 to 19 January 2014, four months before the soils were collected for this study (mid were affected by the fire, small and isolated locations of woodlands remained unburnt due to discontinuous distribution of trees, shrubs and litter. During the four months after the fire, it was warm to hot and remained mainly dry. Although the total amount of rainfall in this period was 80 mm, this was concentrated in a few rainfall events, the largest in February with 42 mm.
Soil collection was as described in Sun et al., (2015) . 
Experimental design
A preliminary experiment was carried out to determine the optimal water content for soil respiration.
The soils were incubated at 40 to 80% of maximum water holding capacity (WHC), at 10% intervals.
Cumulative soil respiration measured after 10 days was maximal at 80% of WHC (data not shown). Before starting the experiment, the air-dried soil was pre-incubated for 14 days at 25 °C at 40% of WHC Response of soil respiration to labile C addition to reactivate the microbes. During the pre-incubation soil respiration rates were stable after 12 days (data not shown).
After pre-incubation, 5 g glucose C kg -1 soil was added as solution (10 ml and four replicates).
Soil respiration was measured daily until the end of experiment (24 days). Microbial biomass P and available N and P were measured after pre-incubation. Microbial biomass C was measured after pre-incubation and at the end of the experiment.
Methods
Water holding capacity (WHC) was measured using a sintered glass funnel connected to a 100 cm water column (ψm= -10 kPa). The soils were placed in rings on a sintered glass funnel, thoroughly wetted, covered and allowed to drain for over 48 h before determining gravimetric water content (Wilke 2005) . Soil pH and EC were measured in a 1:5 soil : water suspension after 1 h end-over-end shaking at 25 °C (Rayment and Higginson 1992) . Total organic carbon (TOC) content was determined by wet oxidation (Walkley and Black 1934) . Soil particulate organic C (POC) and mineral associated organic C (MaOC) were isolated following Cambardella & Elliott (1992) , then organic matter was measured as described for TOC.
They are expressed in percentage of OC recovered.
Available N (nitrate and ammonium) was determined after 1 h end-over-end shaker with 2M KCl at 1:5 soil extractant ratio. Nitrate N was measured based on the method modified by Miranda et al., (2001) and ammonium N as described in Forster (1995) . Available P and microbial P were determined by the anion exchange resin method (Kouno et al., 1995) . Microbial biomass C (MBC) was measured by fumigationextraction (Vance et al., 1987) . (Vance et al., 1987) .
Soil respiration (CO 2 release) was quantified by using a Servomex 1450 infrared gas analyser (Servomex Group, Crowborough, England); for a detailed description see Sun et al., (2015) and Elmajdoub and Marschner (2015) . After each measurement, the jars were opened to refresh the headspace in the jars using a fan to maximise air exchange. Known concentrations of CO 2 were injected into empty glass jars of similar volume to establish a linear regression between CO 2 concentration and detector reading.
Glucose induced cumulative respiration was calculated by dividing cumulative respiration of glucoseamended soil by that of non-amended soil.
Statistical analysis
Two-way analysis of variance (ANOVA) with a post- Significance was set at p<0.05.
Results
Soil properties
As reported in Sun et al., (2015) , the soil pH ranged from 7.5 to 9 (Tables 1, 2 ). In unburnt soils, the pH was highest under shrubs and lowest in open areas.
In burnt soils, the pH under shrubs was lower than under trees and in open areas.
Burning had no consistent effect on soil pH. Compared to the unburnt soils, burning significantly reduced the pH under shrubs, increased it in open areas, but had no effect under trees. All soils were non-saline (EC 1:5 < 0.4 dS m -1 ) ( et al., 2015) .
1 percentage of recovered organic C. and patch (open, shrub, and tree) on soil properties at the start of the experiment and on ratio of cumulative respiration (amended/non-amended) on day 24.
POC -Particulate organic C; MaOC -mineral associated organic C. Response of soil respiration to labile C addition
Total organic C (TOC) content was generally low (<
1%), but higher under trees than under shrubs and in
open areas before and after the wildfire (Table 1 , 2).
Fire reduced TOC content by 50% under trees, but
doubled it in open areas and had no effect on TOC content under shrubs. Differences in TOC content among patches were smaller in burnt than in unburnt areas.
In the unburnt area, the TOC content under trees was Available N concentrations after pre-incubation did not differ among patches and was not influenced by fire (Table 1 , 2). The available P concentration was highest under trees in both unburnt and burnt soils (Table 1) . Burning reduced available P concentrations one to three-fold in all three patches. In unburnt soil, the available P concentration was similar under shrubs and in open areas, but in burnt soil it was lower under shrubs.
The MBC and MBP concentrations after pre-incubation were highest under trees (Tables 1, 2 
Soil respiration
Cumulative respiration was significantly higher in glucose-amended soils compared to un-amended soils ( Figure 1 , Table 3 
of soil respiration to labile C addition
The ratio of glucose-induced cumulative respiration to cumulative respiration in the non-amended soil was greater in burnt than in unburnt soils and smallest under trees (Tables 2, 4 ). In unburnt soils, the ratio was higher in open areas than under shrubs whereas the reverse was true in burnt soils.
The ratio was negatively correlated with TOC content (F 1, 22 = 11.92, r 2 = 0.35, p < 0.01) and MBC concentration (F 1, 22 = 4.40, r 2 = 0.17, p < 0.05). Table 4 . Ratio of cumulative respiration of amended to non-amended soils from unburnt and burnt semi-arid woodland in open areas or under shrubs and trees (mean ± standard error, n=4). Different letters indicate significant differences at p<0.05.
Microbial biomass C after incubation
Glucose addition increased MBC concentration after 24 days by 20-60 % compared to non-amended soils ( Figure   2 , Table 3 ). For a given patch there were no significant differences in MBC concentration between unburnt and burnt mallee soils. In the non-amended soils, the MBC concentration was greater under trees than under shrubs or in open areas. In glucose amended soils, the MBC con- 
Discussion
This study showed that in the semi-arid woodland, microbial biomass and activity, organic C content and nutrient availability differed between vegetation patches and bare soils, but the effect of the recent fire on the measured parameters was small. The increase in cumulative respiration after addition of labile organic carbon differed between patches and was influenced by fire.
Our first hypothesis (the recent wildfire reduces organic matter content, nutrient availability and microbial biomass and activity compared to an adjacent non-burnt site, particularly under trees) was based on the loss of organic matter and nutrients via volatilisation during the fire and wind and water erosion after the fire. However the hypothesis can only be partly confirmed.
The TOC content was greater under trees than under
shrubs or in open areas before and after the wildfire (Table 1) (Table 1) . Differences in MBP concentrations were more likely due to the inconsistent fire effect on soil organic matter content which is an important source of P for microbes (Alamgir and Marschner 2016) . Phosphorus does not volatilise during fire (Certini 2005) . However, fire reduced available P concentrations by about 60% compared to unburnt soils. This may be due to binding of available P to charred OC (Laird et al., 2010) .
Wildfire did not influence available N or MBC concentrations at the start of the experiment except for a lower MBC concentration in open areas in burnt soils (Table 1) . Patches also did not differ in available N or MBC concentration. The lack of fire and patch effect on measured parameters may be due to the generally low nutrient availability in the sandy soils where, even in the absence of fire, nutrient cycling is limited (Orians and Milewski 2007) .
In agreement with previous studies (e.g., Hoyle et al., 2008) , glucose addition increased soil respiration up to 20-fold ( Figure 1 , Table 4 where the organic C content did not differ between burnt and unburnt soils. This suggests that organic C was less available in burnt soils which may be due to charring by the fire. Charred organic C is poorly decomposable (Kuzyakov et al., 2009 ). In the field, fresh root growth during regrowth after fire would provide a source of available C through root exudates, particularly under trees and shrubs with possibly greater exudation than in unburnt soils where the root system consists predominantly of older roots (Bardgett et al., 2005) .
Conclusions
This study showed that in semiarid mallee woodlands, only the presence of trees increased TOC content, available P, MBP and MBC concentrations compared to open areas, whereas the presence of shrubs had little effect. This may be due to the inherent low fertility of the soils in this area and wind and water erosion which limits the expression of patches.
The effect of fire on the measured parameters differed among patches, but was generally small.
In future studies, soils at different distance from trees could be investigated to better understand the extent of the patch effect. The responses of soils from different patches to addition of available C was related to TOC content, being greater in soils with low TOC content and also greater in burnt soils suggesting lower availability of charred organic matter.
